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ABSTRACT 

V i  brati.on of a statically loaded, inherently Compensated hydro- 

s t a t i c  journal bearing due t o  oscillating exhaust pressure i s  investi- 

gated.  Both angular and radial vibration modes are analyzed. The 

time-dependent Reynolds equation governing the pressure distribution 

between the oscillating journal and sleeve i s  solved together with 

the journal equation of motion t o  obtain the response characteristics 

of the bearing. The Reynolds equation and the equation of motion are 

simp1 i fied by applying regular perturbation theory for smal 1 d i  spl ace- 

equations are ob- 

scretizing the pressure field using fin te-difference 

approximations with a modified line-source model which excludes 

effects due t o  feeding hole volume. 

simultaneously satisfy the equations of motion for the journal. The 

results presented include Bode plots of bearing-oscillation gain and 

phase for a particular bearing configuration for various combinations 

of  parameters over a range of frequencies, including the resonant 

frequency. 

An i terative scheme i s  used t o  

rnents. The 

tained by d 

numerical solutions o f  the perturbation 
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NOMENCLATURE 

a 

C 

cD 
e 

f r  
h 

H 

k 

MN 

'e 
M 

P 

pS 

P 

R 

R 

t 

T 

W 

wO 

Feedi ng hole diameter 

Clearance between journal and sleeve 

Discharge coefficient 

Eccentricity 

Resonant frequency 

Film thickness 

Dimensionless fi lm thickness 

Specific heat r a t io  

Mass flow rate thru a feeding hole 

Mass flow rate i n  film of angular  wid th  2 ~ e  

Dimensionless mass flow rates 

Fi lm pressure 

Ambient pressure 

Exhaust pressure 

Nozzle pressure 

Supply pressure 

Dimensi on1 ess pressure 

Journal radius 

Universal gas constant 

Time 

Temperature 

Axial displacement o f  journal 

Load supported by journal 
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X Circumferent ia l  coordinate 

Z Axi a1 coordinate 

Greek Symbols 

Subscripts 

0 

1 

Amplitude factor  for  angular v i  b r a t i o n  

Amplitude f a c t o r  f o r  r a d i a l  v i b r a t i o n  

Per turbat ion fac to r  

E c c e n t r i c i t y  r a t i o  

Dynamic v i scos i t y  o f  a i r  

Angular frequency o f  v i b r a t i o n  

Bearing number 

Squeeze number 

Dimension1 ess time 

Dimensionless c i rcumferent ia l  coordinate . 

Dimensionless ax ia l  coordinate (see Fig. 3 f o r  l o c a t i o n  
of c1,c2 and c3) 

Zeroth-order 

F i  r s t -o rde r  

Superscripts 

I Q u a n t i t i e s  w i t h i n  the reg ion  c 2  5 5 5 c 3  (ou te r  bear ing) 

Value o f  amp1 i tude f a c t o r  as w + o * 
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I I NTRODUCT 1 ON 

There is  currently considerable interest i n  gas bearing techno- 

logy for applicati.on t o  rotat ing and reciprocating machinery for 

space-f 1 i g h t .  Linear gas bearings have been proposed i n  S t i  r l  i ng 

cycle cryogenic cooler systems f o r  infrared sensing sa te l l i t es  [ l ] .  

The bearings in these systems must allow long-term, noncontacting 

suppor t  of reciprocating components in the Stirl ing cooler. 

cooler design subjects a hydrostatic journal bearing t o  sinusoidal 

f 1 uctuati ons in bearing exhaust pressure. 

on an analysis of the s ta t ic  and dynamic characteristics o f  such 

pressure-excited bearings. 

One such 

The present paper focuses 

Of interest i n  the present research are the angular and radial 

forced v i b r a t i o n  modes of a statically loaded, inherently compensated 

hydrostatic journal bearing due t o  oscillating exhaust pressures. The 

angular mode of v ib ra t ion  i n  the case o f  180' phase shift  between 

exhaust pressures i n  a dual plane of feeding holes is  depicted i n  

Fig.  la.  Phase-shifted exhaust pressures can be physically achieved 

by segregating the exhaust systems o f  the two feeding planes as 

opposed t o  a common exhaust. The radial forced vibration mode of 

the above bearing when no phase sh i f t  i s  present i s  shown in F i g .  l b .  

There are numerous analyses i n  the l i terature  for various ex- 

ternal l y  pressurized gas bearing systems. An excel lent review of 

work up t o  1969 i s  contained i n  the paper by Gross [ Z ] .  Majumdar 

[3] reviews the technology u p  t o  1978. The citations compiled by 

4 



. 

NITS [4,5] are a useful source of other ma te r i a l .  

[6,7,8,9,10,11] have analyzed the s t a t i c  and dynamic c h a r a c t e r i s t i c s  

of inhe ren t ly  compensated bearings. P a r t i c u l a r l y  noteworthy i n  this 

regard are the analyses  of Lund [9,10] and of Majumdar [ l l ]  for o r f i c e  

and inhe ren t ly  compensated ex te rna l ly  pressur ized  journa l  bear ings.  

Angular v ib ra t ion  o r  dynamic misalignment is  discussed i n  only a 

l imi t ed  number of  papers [9,11,12,13]. The problem of o s c i l l a t i n g  

exhaust o r  supply pressures seems t o  have escaped the a t t e n t i o n  of 

i n v e s t i g a t o r s  enti r e l y .  Moreover, no 1 i near i  zed ana lyses  have 

appeared which  cons ider  the case of  v i b r a t i o n  about an i n i t i a l l y  

de f l ec t ed  journa l  pos i t i on  (caused by s ta t ic  loading).  

Several authors 

The solution t o  the aforementioned problem of angular  v i  b ra t ion  

w i t h  segregated phase-shifted o s c i l l a t i n g  exhausts  i s  of p a r t i c u l a r  

importance since i t  has been i d e n t i f i e d  a s  c r i t i c a l  t o  the performance 

of such a bear ing used t o  support the power p i s ton  o f  a candida te  

S t i r l i n g  coo le r  design. 

s t a t i c  load-response c h a r a c t e r i s t i c s ,  resonant  f requencies  and vi  bra- 

t i o n  amplitudes f o r  the piston. 

I t  i s  t h e r e f o r e  important  to e s t a b l i s h  the 

The theory developed i n  the present work is appl ied  t o  a bas i c  

li’near hydros t a t i c  demonstration bear ing designed by Mechanical 

Technology Incorporated (MTI) for NASA [14]. 

proof-of-concept t e s t i n g  on this bear ing conf igu ra t ion  under s teady  

p res su r i za t ion .  The p resen t  research will even tua l ly  use this same 

bear ing i n  an experimental i nves t iga t ion  o f  the dynamic effects 

s tudied a n a l y t i c a l  ly  here in .  

MTI conducted ex tens ive  
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11. THEORY AND BASIC EQUATIONS 

Governing Equations 

The nondimensional Reynolds equat ion f o r  the laminar,  viscous 

gas film of the e x t e r n a l l y  pressurized l i n e a r  journal bear ing shown 

i n  F i g .  2 i s  

where H = 1 + ~ c o s e  

and where the nondimensional. dependent and independent v a r i a b l e s  a r e  

a s  follows: 

The bear ing and squeeze number parameters a r e  def ined a s  

P i s  replaced by P '  i n  the region r2  2 5 2 q 3  

present ca l  cul a t i o n s  . 
Boundary Conditions 

and A = 0 i n  the 

The boundary condi t ions  which apply t o  equat ion ( 1 )  a r e  a s  

fol 1 ows : From c i rcumferent ia l  symmetry and con t inu i ty  requi rements , 

the boundary condi t ions  i n  e are  
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The boundary conditims i n  5 are applied a t  the edges of the 

film s=sl and ~ = s  

For the oscillating exhaust pressure, the exhaust pressure oscillates 

and a t  the plane o f  feeding holes s=s2. 3' 

a t  a fixed amplitude according t o  

P, = 1 + GeiT 

P ( e , s l )  = P I  (e,s3) = 1 + 6 2 '  

(3  1 

and therefore, a t  the edge of the film 

(4 )  

A t  the plane of feeding holes the pressure i s  assumed continuous 

cons eq uen t 1 y 

V e , s  = P ' ( e , s p )  (5)  

The remaining feeding plane boundary condition involves the 

derivatives of P and is d 

considered is  outside the 

analyzed similar problems 

which this distinction is  

requires consideration of 

and 

fferent depending on whether the locat 

feeding hole i t s e l f .  Majumdar [11,15] 

by a so called " p o i n t  source" approach 

clearly drawn. However, this approach 

the  two-dimensional Reynolds equation 

on 

has 

i n  

a1 so 

and 

a solution algori thm for  i t  which is  able t o  resolve spatial gradients 

over distances on the order of the hole diameter. Majumdar's work,as 

does the present research,utilizes a f in i te  difference method w i t h  a 

g r i d  size larger than that required for a true p o i n t  source calculation. 

For this reason and because he does not  consider the two dimensionality 

of the flow i n  the neighborhood of the feeding holes for the concentric 

journal [ l l ]  ,Majumdar's claims o f  a " p o i n t  source" solution are 
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apparently exaggerated. 

mate condition a t  the feeding hole plane consistent with the eventual 

In the present work, an addl ti.onal approxi- 

discretization is obtained from requiring conservation of mass, i .e. 

requiring tha t  the mass flow rate frQm each feeding hole (supply p o r t )  

be equal to  the mass flow rate into a segment of fluid film a t  that  

p o i n t .  Effects due t o  the wlume of the feeding hole are ignored. 

The dimensionless expression for ful ly  developed annular flow 

i n  a t h i n  film of angular w i d t h  AO is ,  considering flow i n  b o t h  

directions, 

where m, is the dimensional mass flow rate. The flow t h r o u g h  the 

feeding holes (supply ports) i s  assumed adequately represented by one- 

dimensional isentropic flow with a discharge coefficient, CD, and 

effective dimensionless back pressure, PN. 

regarding the adequacy of this kind o f  a nozzle flow model for gas 

There is  some controversy 

bearings due t o  effects from pressure recovery and peaking i n  pressure 

around the discrete feeding holes. In the present work CD is  regarded 

as an empirical constant which can be adjusted slightly t o  partially 

compensate for these effects a s  well as nozzle losses so as t o  produce 

results acceptable f o r  design purposes. A more significant correction 

for the peaking phenomenon i s  described la te r .  

The s t r i p  of angular w i d t h  AO i n  equation (6)  i s  associated 

8 



w i t h  the flow emanating fronl a s.ingle hole, i .e.  i t  i s  the angular 

distance between d i v i d i n g  stream1 ines a t  s=c2. Therefore, the 

additional boundary relation required can be obtained from conser- 

vation of mass by equating the dimensional expression for isentropic 

mass flow from a single feeding port, mN t o  m,, and connecting PN t o  

P ( e  ,c2). The simplest such assumption connection the nozzle ex! t 

pressure, PN t o  the film pressure, P ( e , c )  is  t h a t  PN=P(eho le ,  5 I *  
However, as mentioned previously, the approximate numerical procedure 

t o  be discussed i n  the next section is not able t o  completely resolve 

pressure peaking i n  the vicinity of the discrete feeding hole. Therefore, 

a t  the boundary an equivalent l ine source boundary condition i s  in t ro-  

duced which is  assumed t o  reproduce the effect  of the discrete holes 

on the flow f ie ld  remote from the holes; J .  Lund [lo] developed an 

empirical correction relating the nozzle ex i t  pressure t o  the equiva- 

lent l ine source film pressure i n  the vicinity of the feeding holes 

for equivalent mass flow. The correction as recommended i n  1161 is  

PN = AP(ehole,52) ; A = 1.5 (7) 

Majumdar [3] has been crit ical  of such an approach and discusses 

i t s  p i t fa l l s .  

dynamic work, since the correction was developed for s t a t i c  calcu- 

Also there may be further dangers for the present 

lations. Nevertheless, because of i t s  simplicity, i t  was chosen fo r  

the present calculations. Majumdar's p o i n t  source method [15] does 

not  seem t o  be a 

resources are a1 

viable a1 ternative unless significant computing 

ocated to performing computations on a dense g r  

9 



thereby allowing the steep flow gradients i n  the neighborhood of the 

feeding holes t o  be resolved. The relation derived from conservation 

o f  mass and equation (7) contains the pressure implici t ly  and i s  

nonlinear. An i terative scheme is necessary t o  apply i t  as a boundary 

condition i n  the numerical solution. 
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I I I .  APPLICATION OF PERTURBATION THEORY 

Perturbation Equations 

A conventional per turba t ion  method, assuming s inusoida l  response 

t o  a small s inusoida l  e x c i t a t i o n  i s  used t o  s impl i fy  the governing 

equat ions .  In applying the method, i t  is assumed t h a t  

P = Po + P1 &eiT and ti = Ho t H1 Be i T  

where 

Ho = 1 + cose and H1 = (<Act+@) cose 

a,B and P l (e , r )  a r e ,  i n  general ,  complex t o  reflect phase shifts 

O"U and 66 a r e  the amplitudes of the angu- from the d r iv ing  pressure. 

l a r  and r a d i a l  displacements r e spec t ive ly  of the v i b r a t i o n  modes 

shown i n  Figs .  l ( a )  and ( b ) .  Although coupled angular  and r a d i a l  

v i b r a t i o n  will not be considered i n  the present c a l c u l a t i o n s ,  the 

d i f f e r e n t i a l  equat ion f o r  the per turba t ion  quanti  ties were derived 

f o r  this general  case.  Expanding equat ion ( 3 ) ,  the resulting per- 

tu rba t ion  equat ions  a r e  f o r  6 c < 1 

O b 0 )  

11 



where 

Q = POPl and A = R/c 

I n  the above equations, i t  should be noted t h a t  symmetry requi res t h a t  

Po(e,s) = PI0(e,s) and t h a t  equation (9) appl ies a lso t o  Q '  = POPl1. 

Per turbat ion Boundary Conditions 

The c i r cumfe ren t ia l  boundary condi t ions are s t ra ight forward.  For 

the  zeroth-order d i f f e r e n t i a l  equation, from equation (2)  t he  expan- 

s i o n  gives . . .  

Also from the expansion o f  equation (2)  the f i r s t  order  boundary 

condi, ti on i s 

A t  the edge o f  the f i l m  the zeroth-order cond i t i on  i s  from expansion 

of equation (4) , 

S i m i l a r l y  from equation (4) t he  f i r s t - o r d e r  cond i t i on  i s  

12 



The  boundary condition a t  5=c2 is  a b i t  more involved, especially 

for the first-order equation. 

In the numerical analysis t o  be discussed i n  the next section, 

each feeding hole (supply p o r t )  i s  associated with a strip o f  w i d t h  

AO = 2 ~ 8  where be i s  the angular grid interval i n  the circumferential 

direction; therefore, from equation (6)  

This equat ion represents the mass flow rate t h r o u g h  an element o f  the 

film o f  angular w i d t h  2n/N = 2 ~ 8 ,  where N i s  the number of holes 

(there are two g r i d  intervals corresponding t o  each hole). The equa- 
2 ' 2  tion is applied assuming H, a P  / a s  and a P  /as are no t  functions of 

e over the w i d t h  of the film; they are evaluated a t  the mid p o i n t  

of the interval 2118, i.e. a t  the hole. 

The mass flow rate t h r o u g h  the supply ports i s  given by 

where 

13 



o r  i f  the flow i s  choked 
.I 

4 must be converted t o  a l i n e a r  approximation i n  o rder  f o r  the expan- 

s i o n  technique t o  work. Recall t h a t  PN is  r e l a t e d  t o  the film pres- 

sure by equat ion ( 7 ) .  Linearizing $ i n  a Taylor  series expansion and 

making the necessary substi t u t i o n s ,  equat ion (1 2 )  becomes 

Expanding equat ion ( l l ) ,  equating i t  t o  equat ion (13) ,  and invoking 

symmetry, the zeroth-order  boundary condi t ion  a t  the holes  i n  the 

feeding plane is 

where the feeding  parameter, 

1 2 ~ ( R T ) ’ / ~ a  C, N 

The boundary condi t ion described by equat ion (14), is  nonl inear  

a s  well a s  i m p l i c i t  and the re fo re  an  i t e r a t i v e  scheme must be used 

i n  applying i t .  
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In add i t ion  t o  the condition o f  equation (141, a further condi t ion  

from the expansion of equat ion (5 )  i s  

The f i r s t - o r d e r  condi t ion  a t  the feeding plane obtained from equat ing 

the expanded form of equat ion (11) w i t h  equation (13) i s  

3 

Al though ' th i s  condi t ion  is linear, i t  i s  i m p l i c i t  i n  Q since i t  

conta ins  both Q and Q' and therefore  must,as equat ion (14)-,be app l i ed  

i n  an i t e r a t i v e  fashion.  

The remaining condi t ion  t o  be s a t i s f i e d  a t  the feeding plane is  

obtained from the expansion of 

Although the d e r i v a t i v e  boundary cond i t ions ,  equat ions (14) and 

(16) were der ived for a po in t  located a t  the center of  a hole, by 

i n t e r p o l a t i n g  between the hole  locations an approximate d e r i v a t i v e  

condi t ion  can be obtained f o r  any point along the circumference i n  

the feeding plane. 
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IV. EQUATIONS OF MOTION 

The s teady  load supported by the bearing, Wo can be computed 

from i n t e g r a t i n g  the d i s t r i b u t i o n  o f  Po. I t  is 

T - - =  wo 8 I iG2 Po cosedsde 

R2pa O 51 

For l i n e a r  motion w i t h  dimensionless amplitude factor B about the 

equi l ibr ium pos i t i on  E. the displacement i s  0' 

y = cBGeiT (19) 

and the equat ion of motion for a journal o f  mass, m y  supported i n  two 

p laces  by two physical l y  s e p a r a t e  bearings w i t h  s e p a r a t e  f eed i  ng pl anes 

a s  i n  Fig. 1 i s  

i T  
2 

d t2 
m dy = - 2Fe 

Hence, s u b s t i t u t i n g  equat ion (19) into equat ion (20)  

where F,  the amplitude of the dynamic r e s t o r i n g  f o r c e  due t o  the 

pressure i n  the f l u i d  film is  computed from 

and therefore from equat ions ( 2 1 )  and (22) 

1 
1 O 52  
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S i m i l a r l y  for angular  motion about 5 = 0 ,  t h e  angular  displacement Y, 

w i t h  amplitude f a c t o r  cc i s  

i T  Y=aGC (24) 

and employing the angular  equation of motion for  a conf igura t ion  w i t h  

two feeding planes a s  i n  F ig .  1 ,  symmetry about  z = 0,  and a mass 

moment of  inertia,  I the angular  equiva len t  t o  equat ion (23)  is  

Equations (18), (23) and (25) t oge the r  w i t h  the pe r tu rba t ion  

d i f f e r e n t i a l  equat ions ,  equat ions (8) and (9) and their  a s soc ia t ed  

boundary condi t ions  c o n s t i t u t e  a completely closed set  of equat ions 

for determining the response o f  the bear ing system t o  o s c i l l a t i n g  . 

exhaust  pressure i n  the modes i l l u s t r a t e d  i n  F i g .  1 .  
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V. NUMERICAL METHOD 

Zeroth Order Solution 

For a given eccentricity E ~ ,  the zeroth order perturbation 

equation, equation (8) with its associated boundary conditions 

can be solved f o r  the unknown pressure d i s t r i b u t i o n .  

To solve the perturbation equations numerically, the bearing 

fi lm i s  discretized as shown i n  Fig.  3 .  The choice of  the g r i d  

shown was somewhat a rb i t ra ry  b u t  seemed t o  be a good compromise 

between the resolution required and economy. 

variation of pressure computed for the cases studied d i d  n o t  seem t o  

warrant further g r i d  reduction i n  the angular  direction; the suffi- 

ciency of  the a x i a l  g r i d  was tested by comparing results obtained 

from two difierent axial g r i d  distributions. 

The moderate angular 

Central differencing i s  applied t o  o b t a i n  f in i te  difference 

approximations for the zeroth-order equation. 

sulting difference equations w i t h  their  numerical boundary conditions 

are routine w i t h  the exception o f  the treatment of the feeding plane 

boundary. As mentioned in the preceding section, an i terative solu- 

t i o n  of the system of zeroth-order equations i s  needed t o  satisfy 

Solution of the re- 

the feeding plane boundary condi ti.on a t  s=s2. 

scheme iterates on each unknown feeding hole pressure by comparing 

zeroth-order flow rates th rough  the feeding holes w i t h  those obtained 

from solution of the f in i t e  difference equations for the zeroth-order 

f i lm pressure and u p d a t i n g  the pressures until convergence i s  achieved. 

A Newton-Raphson 

18 



Since the solution t o  the present problem actually requires 

o b t a i n i n g  the eccentricity cO for a known load Wo a second iterative 

procedure is applied,calculating the Wo corresponding t o  a series of 

I s  until the known value is  obtained. €0 
Details of a l l  the iteration and differencing techniques are 

given in [17]. 

F i  rst-Order So lu t ion  

W i t h  the real zeroth-order solution hav ing  been determined, the 

so lu t ion  t o  the complex first-order equation, equation (9 )  and con- 

sequently the complex amplitudes o f  angular and radial v ib ra t ion  can 

be obtained. As i n  the case o f  the zeroth-order differential equa- 

t i o n ,  central f in i te  difference approximations are used for the f i r s t -  

order equation, equation ( 9 ) .  

In obtaining the first-order solution, the equations of motion, 

equations (23)  and (25) must be solved simultaneously w i t h  equation 

(9 ) .  

equations (9)  and (16) t o  ob ta in  a d i s t r i b u t i o n  of Q which is  then 

integrated u s i n g  equation (25) (or ( 2 3 ) )  t o  compute CL ( o r  B ) .  Em- 

ploying a Newton-Raphson iteration scheme, the computed and tentative 

values are compared t o  update the tentative value. 

achieved when the tentative and computed values agree. 

process is  also used t o  transform the implicit boundary conditions, 

equations (16) and (17) i n t o  explicit boundary conditions by lagging 

a Q ' / a r  one iteration behind. 

To accomplish this a tentative valve of CL ( o r  B )  i s  used i n  

Convergence i s  

The iteration 
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Details of the solution procedure, including the f ini te-  

difference equations, are given i n  [17]. 

20 
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VI. RESULTS AiJD DISCUSSION 

In performing the present computations, two journal masses were 

considered; one with mass equivalent t o  the MTI journal [14! and one 

w i t h  additional mass added t o  reduce the resonant frequency for future ex- 

perimental purposes. The mass of the unmodified and the weighted 

MTI journal were taken t o  be 2.7 and 5.4 kilograms (6  and 12  pounds) 

w i t h  mass moments of inertia of 2.04 x 10e5k9-m2 and 4.27 x 10 kg- 

m respectively. The two bearing surfaces which support the j o u r n a l ,  

each w i t h  twelve centrally-located feeding holes were 0.0254 meters 

(1 in.) wide. The feeding hole diameters were 0.000889 meters (0.035 

i n )  and the bearing diameter was 0.0508 meters ( 2  in.)with a clearance 

of 1.778 x meters (0.0007 in. 1. The three values for the supply 

pressure, for w h i c h  s t a t i c  (zeroth-order) results will be presented, 

correspond t o  the pressures used by MTI [13] in their experiments. 

However, a different set  of supply pressures was selected for the 

dynamic results because of 1 ini t a t ions  i n  the eventual dynamic experi- 

ments t o  be performed. 

-5 

2 

Zeroth-Order Results 

For each o f  the three values o f  supply pressure referred t o  - 

ear l ier ,  the zeroth-order pressure distribution and subsequently the 

s t a t i c  load, Wo were calculated for several journal  deflections. 

results depicted in Fig.  4 are  compared t o  the experimental and 

theoretical results obtained by NTI [14]. 

C i s  adjusted t o  produce overall results acceptable for design purposes. 

The 

As mentioned in Section 11, 

D 

21 
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After comparing results obtained for several round number values of 

CD i n  a physically real is t ic  range, i t  was determined t h a t  a CD 

equal t o  0.7 gives good results when a l l  three supply pressures are 

considered. No further opt imizat ion was attempted since the approxi - 
mate nature of the analysis does n g t  warrant i t .  From Fig.  4 i t  

appears that  the present theory i s  a s l ight  improvement over the MTI 

s t a t i c  deflection theory, considering a1 1 three supply pressures. 

This improvement can be attributed t o  the more detailed modeling i n  

the present work which considers effects such as circumferential inter- 

action between the flow from individual holes, which is  not  included 

i n  the MTI theory. 

Fi  rst-Order Results 

The first-order calculations are intended t o  show the dynamic 

response of the journal to osci 11 a t i n g  exhaust pressure including 

the location of resonant frequencies. 

for both vibrational modes depicted i n  F ig .  1. 

Computations were performed 

Results were obtained 

showing the effects of variations i n  the supply pressure, journal 

mass or moment of iner t ia ,  and configuration dependent changes i n  

squeeze number and feeding parameter. 

frequencies analyzed was from 1 t o  1000 Hz. 

considered for the supply pressure were 3.8x1o5, 5.1~10 and 6.9~10 

N/m . 

The range of vibrational 

The three values 
5 5 

2 

Table 1 summarizes the significant i n p u t  and computed parameters 

, for  the angular vibrational mode. In the table a* indicates the 
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value o f  a as w approaches zero. The factors multiplying the 

squeeze number and feeding parameter indicate cases computed for 

hypothetical configuration changes by substituting effective values 

of these parameters in the governing equations whfch were i n  turn, 

one-tenth and ten times the actual values of these parameters obtained 

from the present bearing system physical constants. 

were found for a l l  cases computed. 

Stable solutions 

For application t o  reciprocating mechanical cooler components, 

the vibrational frequency of interest  i s  around 30 Hz and the supply 

pressure is about  3.8~10 N/m . Therefore from Table 1 ,  i t  i s  obvious 5 2  

t h a t  for most cases i n  the cooler application there i s  l i t t l e  resonance 

effect. 

are Bode plots of gain versus frequency parameter, i l lust rat ing the 

This i s  also borne o u t  by examination o f  Figs .  5 and 6 which 

effects of supply  pressure and journal mass moment o f  inertia respective- 

ly on the frequency response of the journal i n  the angular mode. 

i s  also interesting t o  note from these figures and Table 1 t h a t  a t  the 

low frequencies of interest  the amplitude of angular displacement 

I t  

increases w i t h  increasing supply pressure and journal mass moment of 

inertia.  As anticipated, the results show t h a t  lowering the supply  

pressure and increasing the mass moment o f  inertia reduce the- resonant 

frequencies. Should the supply pressure i n  the space cooler appli- 

cation be reduced much below 3.8~10 N/m2,  resonant effects will be 5 

significant a t  30 Hz. 

Finally, i t  can also be demonstrated t h a t ,  for the cases of 

interest ,  the results a s  sumnarized i n  Table 1 indicate t h a t  journal 
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n * 14.5455 

TABLE 1 Input and computed parameters for angular vibration 
wit4 o s c i l l a t i n g  exhaust pressure 

I I ps I %ff 
I I ,  

a* 

ueff I 
A. 

a 1 0.116~lO-~ 1 72 

2 . 0 ~ 1 0 ~ ~  I 5 . M O  5 1 n  
125 

4. 3X10°5 I 3.8XrO 42 
~- 

68 
1 I 

1 I 
a 1 0.147~lO-~ 88 

100 
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I 0"  

~ 

I 1 

rl U 0. 20lxlO0 285 

a O.377xlOo1 

2.7 5.1~10~ 

0.1n 0 0.745~lO-~ 

~ 

665 

TABLE 2 Input and computed parameters f o r  radial vibration 
with oscillating exhaust pressure 

%ff 
I 

Oef E 

rl l a  1 430 0. 796x10°1 

n l '  l7J5 0. 535x10°2 

I 400 
1 5.4 /6.9x105 n l '  0.106~lO-~ 1 505 

n 10.10 I 560 0. 1816LOo1 

1 660 0.181X10-' 

O.449X1Oo1 lorl a 

n = 14.5455 I 
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contact w i t h  the sleeve of the MTI bearing will not occur if the 

bearing i s  subjected t o  low-frequency oscillating exhaust pressures 

i n  the range even marginal application of pertubation theory, i .e.  

for 6 < 1. 

Table 2 summarizes the significant input and computed parameters 

for the radial v i b r a t i o n  mode. The vibrational amplitudes are less 

t h a n  i n  the angular mode. The resonant frequencies computed differ  

somewhat from the classical results based on s t a t i c  stiffness due t o  

the squeeze and compressi b i  1 i t y  effects described i n  early work by 

Mullan and Richardson [6]. Figure 7 i s  a Bode p l o t  i l lustrating the 

effect of supply pressure on frequency response for the r a d i a l  mode. 

The trends shown i n  the radial results are essentially those observed 

i n  the angular results. 

26 
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VI1 . SUMMARY AND CONCLUSIONS 

The results presented herein indicate t h a t  classical pertubation 

theory gas bearing analysis can be successfully applied t o  predict 

the dynamic response of statical ly-loaded inherently compensated hydro- 

s t a t i c  gas bearings t o  oscillating exhaust pressures for b o t h  angular 

and radial vibrat ion modes. The method developed uses a line source 

approximation w i t h  a mass flow correction factor i n  the numerical 

analysis. The resolution needed for a true p o i n t  source calculation 

would require excessively large f in i t e  difference grid 1 ine densities. 

The s t a t i c  calculations show good agreement w i t h  experiment and 

previous theoretical work. 

the bearing configuration of interest  does n o t  approach resonant 

conditions o r  contact the sleeve. 

ment increases w i t h  increasing journal mass and supply pressure, and 

i s  greater for angular than for rad ia l  v ib ra t ion .  Experimental work 

is  i n  progress t o  verify the numerlcal results. 

firmation is  especially needed t o  support the results of the dynamic 

cal cul a t i  ons . 

The dynamic calculations indicate t h a t  

Further, the amplitude of displace- 

Experimental con- 
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

M e s  of vibration due t o  o s c i l l a t h g  supply or 
oscil lating exhaust pressure 

Ekaring geometry and coordinate system 

Grid for  f in i te  difference appro*tions 

b a d  versus eccentricity curves 

Effect of supply pressure on frequency response 
for angular vibration With oscil lating exhaust 
(I = 2.04~lO'~ kg-rn2) 

Effect of mass mment of inertia on frequency 
response fo r  an,o;ular vibration with oscil lating 
exhaust (p, = 3.8xl05 N/m2) 

Effect of supply pressure on frequency response 
for radial vibration with oscil lating exhaust 
(m = 2.7 kg) 

. 



To Exhaust #1 To Exhaust #2 

To Supply To Supply 

Exhaust #I - 
-- h 

I " " f " ' f  I f "  { ' I  

Exhaust #1 and Exhaust #2 180° out of phase 
(a) Angular 

P I /  / ' / I  / / / / / / I /  ' 
fb) Radial 

Fig. 1 Ikdes of '  vibration due t o  o s c i l l a t i n g  supply o r  
osc i l l a t ing  exhaust pressure 
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Fig. 2 Bearing gemtry and coordinate system 
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